We study multimode optical solitons with up to roughly 10 spatial modes. This work provides the first evidence for solitons involving more than a few modes, and for spatiotemporal multimode soliton fission and Raman shifting. Multimode fibers (MMFs) are a promising platform for future telecommunications systems and for high-energy fiber lasers. As many theoretical studies have predicted (e.g. [1-4]), it should be possible to observe multimode (MM) solitons in these fibers. In linear propagation a pulse distributed among multiple modes will spread due to group velocity dispersion, and the components in each spatial mode will seperate due to modal dispersion ( Fig. 1(a) ). At higher energies, nonlinear self-phase modulation, cross-phase modulation between modes, and four-wave mixing can contribute to the formation of stable MM solitons. These MM solitons maintain their temporal shape by nonlinearly counteracting both group-velocity dispersion and modal dispersion ( Fig. 1(b) ). Recent work by Renninger et al. [5] provided some limited experimental verification of the theoretical predictions. However, the soliton was just barely multimode: the energy of the soliton was small (< 0.5 nJ), and most (> 90%) was concentrated in the fundamental mode. Hence much remains unexplored: many different combinations of modes should form MM solitons, and they should exhibit novel dynamics. We launch 1550-nm, 500 fs pulses into GRIN fibers of various lengths (7-25 m), and vary the launch condition into the fiber in order to excite different combinations of modes. In the GRIN fiber, modal dispersion is relatively small and so multimode solitons are expected to be more easily excited than in other types of fiber. We preferentially launch near the center of the fiber, in order to primarily excite only m = 0 modes that are relatively immune to bend-related mode coupling effects over short fiber distances [6] . This results in a beam exiting the fiber that is approximately Gaussian, but whose size varies depending on the mode distribution. For each initial condition, we measure the pulse duration at the end of the fiber as a function of energy. For single-mode solitons, the relationship between the pulse duration, τ and pulse energy, E p , is known as the soliton area theorem. For multimode solitons, no such relationship is known. However, because the multimode solitons experience modal dispersion in addition to group velocity dispersion, we 978-1-55752-968-8/15/$31.00
Multimode fibers (MMFs) are a promising platform for future telecommunications systems and for high-energy fiber lasers. As many theoretical studies have predicted (e.g. [1] [2] [3] [4] ), it should be possible to observe multimode (MM) solitons in these fibers. In linear propagation a pulse distributed among multiple modes will spread due to group velocity dispersion, and the components in each spatial mode will seperate due to modal dispersion ( Fig. 1(a) ). At higher energies, nonlinear self-phase modulation, cross-phase modulation between modes, and four-wave mixing can contribute to the formation of stable MM solitons. These MM solitons maintain their temporal shape by nonlinearly counteracting both group-velocity dispersion and modal dispersion ( Fig. 1(b) ). Recent work by Renninger et al. [5] provided some limited experimental verification of the theoretical predictions. However, the soliton was just barely multimode: the energy of the soliton was small (< 0.5 nJ), and most (> 90%) was concentrated in the fundamental mode. Hence much remains unexplored: many different combinations of modes should form MM solitons, and they should exhibit novel dynamics. Simulations are performed similarly to those in [5] and [6] .
We launch 1550-nm, 500 fs pulses into GRIN fibers of various lengths (7-25 m), and vary the launch condition into the fiber in order to excite different combinations of modes. In the GRIN fiber, modal dispersion is relatively small and so multimode solitons are expected to be more easily excited than in other types of fiber. We preferentially launch near the center of the fiber, in order to primarily excite only m = 0 modes that are relatively immune to bend-related mode coupling effects over short fiber distances [6] . This results in a beam exiting the fiber that is approximately Gaussian, but whose size varies depending on the mode distribution. For each initial condition, we measure the pulse duration at the end of the fiber as a function of energy. For single-mode solitons, the relationship between the pulse duration, τ and pulse energy, E p , is known as the soliton area theorem. For multimode solitons, no such relationship is known. However, because the multimode solitons experience modal dispersion in addition to group velocity dispersion, we expect they require greater energy (equivalently, greater nonlinear phase shift), E p , for a given pulse duration τ than single mode solitons of the same spatial dimension, R g . For each of the initial spatial conditions, we plotted E p versus 1/τ and fit the (roughly) linear curve with a straight line, whose slope M is plotted in Fig. 2 versus R g , the measured size of the beam exiting the GRIN fiber. These points can be compared to the relationship expected for single-mode solitons, the solid curve in Fig. 2(a) . As an additional check, we repeated the experiment numerically. The numerical results agree quite well with experiment. Additional analysis was performed to conclude that the multimode solitons corresponding to the largest R g in experiment contained roughly 10 spatial modes. This analysis also explains the trend of M vs R g , which is somewhat intuitively expected because the extent to which more energy is required for a multimode soliton than for a single mode soliton of the same spatiotemporal size depends on the number of modes the multimode soliton contains. Considering that the experiment and simulation both agree, and both satisfy the condition of requiring more energy than equivalentsized single-mode solitons, we can conclude that both demonstrate multimode solitons over a range of spatiotemporal sizes -including up to nearly 3 times the fundamental mode size (6.5 μm).
At higher energy the launched pulse fissions into multiple pulses. For most of the conditions considered in the experiment (primarily centered excitation, pulse energy only up to roughly 30 nJ) this fission process produces one soliton that predominantly resides in the lowest modes, and several solitons that contain different distributions. Leading up to fission, a substantial fraction of energy is often transferred from higher-order modes into the lowest order modes. A fairly typical example from simulation is shown in Fig. 1(c) , where the modes initially contained equal energy. More data (both from experiment and simulation) than can be presented in this summary is required to completely show how this is confirmed experimentally. Nonetheless, Fig. 2(b) and (c) provide some evidence. In Fig. 2(b) , the transfer of energy from high-order modes to low-order modes is evident as the pulse energy increases. The corresponding autocorrelations (2c) show the compression, fission and acceleration due to Raman-shifting of the low-order mode MM soliton. To make the effect as obvious as possible, we have used a slightly off-axis excitation in Fig 2(b,c) , resulting in a non-Gaussian initial spatial profile and some dispersive residual higher-order mode pulses.
